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Abstract
A reproducible in situ crystallization of the Ca2-ATPase in isolated sarcoplasmic reticulum (SR) membranes was studied.
The addition of various nucleotides to the washing buffer allowed the formation of tubular crystals, which is induced by
vanadate. SR membranes washed with nucleotide-free buffer could not form tubular crystals upon subsequent incubation
with vanadate. ß 1999 Elsevier Science B.V. All rights reserved.
Keywords: Ca2-ATPase; Crystallization; Nucleotide; Electron crystallography; Calsequestrin; (Rabbit)
Ca2-ATPase plays a very important role in the
maintenance of the cytosolic calcium concentration.
It is found in copious numbers in the plasma mem-
brane as well as in the membrane of the sarcoplasmic
reticulum (SR) in muscle cells. After calcium ions are
released from SR into cytosol upon muscle contrac-
tion, the Ca2-ATPase in the SR membrane of skel-
etal muscle cells is essential for pumping Ca2 ions
back into the SR, so that the muscle can be relaxed
again. Like (Na+K)-ATPase, (H+K)-ATPase,
and H-ATPase, Ca2-ATPase is a member of the
P-type ATPase family consisting of ATP-driven ion
pumps. The sequence of the Ca2-ATPase from the
skeletal muscle SR suggests ten putative transmem-
brane segments containing two Ca2 binding sites.
The ATP binding site is predicted to be connected
to the phosphorylation site with the hinge region in
the cytoplasmic domain [1^4].
The structure of the Ca2-ATPase has been exten-
sively studied by electron crystallography using
mainly two methods for crystallization of it. The ¢rst
method is by reconstitution of detergent-solubilized
Ca2-ATPase in the presence of lipids, which pro-
duced tubular crystals and thin three-dimensional
crystals [5,6]. The solubilized and puri¢ed membrane
proteins are generally suitable for crystallization,
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though Ca2-ATPase has not given a high resolution
structure by this orthodox technique yet. The second
one is named as a direct method: the tubular crystals
were formed directly by vanadate in the SR mem-
brane without washing [7]. This method, by which
tubular crystals of Ca2-ATPase were grown in
Ca2-free crystallization bu¡er containing vanadate
and thapsigargin, has introduced 8 Aî resolution of a
three-dimensional reconstruction [8].
By this direct method, Ca2-ATPase was crystal-
lized directly in the SR membrane in the presence [9]
or absence [10] of Ca2, and the e¡ects of additives
on the crystallization were also studied. Tubular
Ca2-ATPase crystals were formed in the presence
of Ca2 ([Ca2] 6 1036:5 M) and this was not in£u-
enced by the addition of AMP-PCP [9]. Tubular
crystals formed also in the absence of Ca2 ([Ca2]
6 1038 M) but this crystal formation was inhibited
by the addition of 5 mM ATP just before crystalli-
zation. Addition of ATP after formation of the crys-
tals had no disruptive e¡ect on the crystals. The
presence of 1 mM ATP, AMP-PNP, AMP-PCP,
ADP, AMP or adenosine just before and after crys-
tallization had no in£uence on crystallization of
Ca2-ATPase [10]. We re-examined the direct meth-
od and the reproducible formation of the tubular
crystals was con¢rmed. However, the resulting crys-
tals exhibited various sizes and shapes and the crys-
talline arrays included mosaicity. Addition of 2 mM
ATP to the SR membranes had no e¡ect on the
features of the crystals. Since the direct method lacks
any puri¢cation step of Ca2-ATPase before crystal-
lization, we assume that this heterogeneity of crystal-
line is attributed to non-regulated variety of the pro-
tein/lipid ratio and contents of other proteins in each
preparation of the SR membrane.
For high resolution structural analysis based on
electron crystallography, not only the homogeneous
crystallinity is important but the tubular crystals are
also required to be formed reproducibly. Unwin an-
alyzed the three-dimensional structure of the acetyl-
choline receptor to a resolution of 9 Aî [11], and he
and his coworkers are still improving the resolution
of their three-dimensional reconstruction up to a
higher resolution than 4.6 Aî by averaging over 150
images (personal communication) which are recorded
with a helium-cooled electron cryo-microscope [12].
Accordingly, to reach a similar resolution, a large
number of high quality tubular crystals is an abso-
lute necessity. In our attempt to produce tubular
crystals of the Ca2-ATPase for electron crystallo-
graphic structure determination, we found the repro-
ducibility of crystal formation to be very limited.
Therefore, we introduced the novel crystallization
method which improved the reproducibility as well
as the homogeneity of tubular Ca2-ATPase crystals,
simply adding a washing step of the crude SR mem-
branes with detergent- and nucleotide-containing
bu¡er to the direct method. We found that crystals
of Ca2-ATPase could not be formed reproducibly
after the washing of the SR membrane with nucleo-
tide-free bu¡er. Here, we report crystallization con-
ditions which yield tubular crystals of Ca2-ATPase
suitable for high-resolution electron crystallographic
structure determination much more reproducibly.
SR was isolated from rabbit muscles (JW/CSK,
male, 2 kg) according to Eletr and Inesi [13], with
the slight modi¢cation of using HEPES instead of
histidine bu¡er. The isolated SR was stored at
380‡C until further use. In situ crystallization of
Ca2-ATPase within the SR membranes was carried
out by a modi¢ed version of the method by Dux and
Martonosi [7]. Brie£y, a 0.5 ml fraction of SR mem-
branes containing 2.5 mg protein was thawed and
incubated in 25 ml washing bu¡er (10 mM imida-
zole-HCl (pH 7.4), 0.5 mM EGTA, 0.01% (w/v) Tri-
ton X-100, 2 mM MgCl2, and 2 mM nucleotides or
ATP analogues) on ice for 10 min. After ultracentri-
fugation at 100 000Ug for 1 h at 4‡C (45Ti rotor in
Beckman Optima-L70K ultracentrifuge), the pellet
containing SR membranes enriched in Ca2-ATPase
was resuspended in 2.5 ml crystallization bu¡er (10
C
Fig. 1. In£uence of ATP washing on the crystallization of Ca2-ATPase. (A) Electron microscopy of negatively stained specimens.
Samples were crystallized after washing with detergent-containing bu¡er (a,b) and detergent-free bu¡er (c,d), in the presence (a,c) or
absence (b,d) of 2 mM ATP in the washing bu¡er. By the direct method, crystals were found whether ATP was present (e) or absent
(f) in the crystallization bu¡er. Scale bars represent 200 nm. (B) Electron cryo-microscopy of Ca2-ATPase-containing SR membranes.
(a) SR membrane washed with ATP-containing bu¡er; (b) SR membrane washed with nucleotide-free bu¡er. Scale bars represent
50 nm.
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mM imidazole-HCl (pH 7.4), 100 mM KCl, 5 mM
MgCl2, 0.5 mM EGTA, and 5 mM Na3VO4). Crys-
tals appeared after 2 days of incubation with crystal-
lization bu¡er on ice if the SR membranes were pre-
viously treated with an appropriate washing bu¡er.
For negative stain electron microscopy, the sediment
of crystalline Ca2-ATPase membranes was gently
resuspended by pipetting, applied on a glow-dis-
charged, carbon-coated copper grid, and stained
with chilled 2% uranyl acetate. Images were recorded
at a magni¢cation of 45 000U using a JEOL
JEM100CX microscope operated at 100 kV. During
all steps of the specimen preparation for negative
staining, samples were kept at 4‡C.
Washing isolated SR membranes with bu¡er con-
taining ATP and Triton X-100 reproducibly allowed
the subsequent induction of Ca2-ATPase crystal
formation by incubation with vanadate. Therefore,
we used negative stain electron microscopy to exam-
ine the in£uence of ATP and detergent being present
in the washing bu¡er on the crystallization of Ca2-
ATPase. The formation of tubular crystals was
strongly dependent on the presence of ATP in the
washing bu¡er (Fig. 1Aa) and no crystals were found
when ATP was omitted from the washing bu¡er
(Fig. 1Ab). The presence of detergent such as Triton
X-100 had no in£uence on the crystal formation
(Fig. 1Ac). Ca2-ATPase washed by a bu¡er without
ATP and Triton X-100 showed no crystals (Fig.
1Ad). Ca2-ATPase crystals were also grown when
SR membranes were directly incubated with crystal-
lization bu¡er independent of whether it contained
ATP or not (Fig. 1Ae;f ), while many kinds of the
Ca2-ATPase crystalline arrays appeared. In the ab-
sence of vanadate, no crystals formed in the crystal-
lization bu¡er independent of ATP being present or
absent (data not shown). In addition, to study the
in£uence of nucleotides being present or absent in
the washing bu¡er on the morphology of the SR
vesicles, membranes were imaged with an electron
cryo-microscope. For electron cryo-microscopy,
samples were applied on a holey carbon ¢lm. The
grid was rapidly frozen by plunging into liquid
ethane, immediately after blotting o¡ excess sample
solution with a ¢lter paper. Images were taken at a
nominal magni¢cation of 40 000U using a JEOL
JEM3000SFF equipped with a helium-cooled speci-
men stage, a ¢eld emission gun and a cryo-transfer
system [12]. SR vesicles which were treated with
ATP-containing washing bu¡er showed ordered
granular densities just outside the clearly visible lipid
bilayer while no signi¢cant contrast was observed on
the lumenal side of the membranes (Fig. 1Ba). Due
to the similarity with the images recorded by
Toyoshima et al. [14], we interpret the granular den-
sities outside the lipid bilayers seen in our electron
micrographs to be the cytoplasmic domain of the
Ca2-ATPase. On the other hand, SR vesicles which
were treated with nucleotide-free washing bu¡er
showed only a few disordered densities outside a
blurred lipid bilayer and/or liposomes without gran-
ular densities outside of it. Compared to SR vesicles
treated with ATP-containing washing bu¡er, fewer
membranes showing granular densities were found
and the diameter of the proteoliposomes appeared
to be smaller (Fig. 1Bb).
We also examined the in£uence of other nucleoti-
des on the Ca2-ATPase crystal formation and elec-
tron micrographs of the negatively stained specimens
are shown in Fig. 2. Crystals were observed in SR
membranes incubated with washing bu¡er containing
non-hydrolyzable ATP analogues (AMP-PNP and
ATPQS), ADP, AMP, GTP, or CTP (Fig. 2a^f).
AMP-PCP produced a similar result as AMP-PNP
(data not shown). Although all these nucleotides in-
duced crystal formation, the yield of crystalline areas
di¡ered strongly depending on the nucleotide added
to the washing bu¡er. The greatest yield of crystal-
line areas was obtained with ATP. Crystalline areas
were also obtained with the following reagents in
order of decreasing yield: ATP, ATP analogues,
ADPsAMP, GTPsCTP. Incubation of SR mem-
branes with adenosine or UTP showed very similar
results as incubation with nucleotide-free washing
bu¡er producing only very few crystals (data not
shown). From observation by the electron cryo-mi-
croscope, SR vesicles which were treated with UTP-
containing washing bu¡er showed a few granular
densities outside the clearly visible lipid bilayer be-
sides almost the same images as that with nucleotide-
free bu¡er. These also showed only very few crystal-
line Ca2-ATPase arrays which were not seen at all
in negatively stained specimens (data not shown).
These SR vesicles seemed like inside-out vesicles
which showed no granular densities on the outer sur-
face of the proteoliposomes. Only the inside-out
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vesicles gave a crystalline array, because the Ca2-
ATPase molecules there could be protected from de-
naturation caused by washing.
After washing the SR membranes, the Ca2-ATP-
ase-containing SR membrane pellet as well as the
washing supernatant were analyzed by SDS-PAGE.
In addition to the Ca2-ATPase which migrated on
the 10% gel at around 110 kDa, the pellet contained
a variety of contaminants. Interestingly, the behavior
of two proteins migrating at around 55 kDa (Fig. 3,
lane 1) depended on the washing bu¡er. When ATP
was added to the washing bu¡er, a fraction of the
upper protein band (closed arrowhead) was found in
both the supernatant and the pellet, while the lower
protein band (open arrowhead) remained almost
completely in the pellet (Fig. 3, lanes 2 and 3).
When ATP was omitted from the washing bu¡er,
both protein bands were largely found in the super-
natant (Fig. 3, lane 4) and only traces of the upper
protein band remained while a fraction of the lower
band (Fig. 3, lane 5) was clearly observed in the
pellet. Treatment with ATP analogues, ADP, AMP,
adenosine, GTP, CTP, and UTP showed a similar
e¡ect on the two contaminating proteins to the wash-
ing with ATP (data not shown). To identify the two
contaminating proteins, N-terminal sequencing was
performed by Edman degradation (TaKaRa Biomed-
icals). The upper band yielded an N-terminal se-
Fig. 2. In£uence of various nucleotides on the crystallization of Ca2-ATPase. Electron micrographs were taken from negatively
stained specimens. Ca2-ATPase crystals formed when SR membranes were washed with bu¡er containing a nucleotide. The added
nucleotide was: a, AMP-PNP; b, ATPQS; c, ADP; d, AMP; e, GTP; f, CTP. Scale bars represent 200 nm.
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quence of EEGLDFPEYDGVDRV which corre-
sponds to the 29^43 amino acid residues of calse-
questrin. The missing sequence of the ¢rst 28 amino
acid residues corresponds to an N-terminal signal
sequence [15]. The N-terminal sequence of the lower
band was determined as EETEDVSEEVPMR which
is identical to the 20^32 amino acid residues of the
intrinsic 53 kDa glycoprotein. The missing one of the
¢rst 19 amino acid residues also corresponds to an
N-terminal signal sequence [16]. From their amino
acid sequences, the molecular weights of the two
truncated proteins were calculated as 42 432 and
52 414. MALDI-TOF mass spectrometry yielded mo-
lecular masses of 47 and 56 kDa for the two proteins
(data not shown). These molecular masses were in
both cases slightly higher than the values calculated
from their amino acid sequences suggesting that both
proteins were glycosylated [15,16]. Although the mo-
lecular weight of calsequestrin is smaller than that of
the 53 kDa glycoprotein, the two proteins migrated
in an inverted order on SDS gels. This e¡ect can be
explained by the acidic-rich region at the C terminus
of calsequestrin [15].
After washing the Ca2-ATPase-containing SR
membranes with nucleotide-containing bu¡er, calse-
questrin is found both in the pellet and in the super-
natant (Fig. 3). In contrast, it is mainly found in the
supernatant when nucleotide-free bu¡er is used for
the washing step. Calsequestrin, which is one of ma-
jor glycoproteins in the lumen of the SR, contains a
very acidic region at the C terminus and binds Ca2
with high capacity and moderate a⁄nity [15,17], and
it is thought to serve as a reservoir of calcium ions.
Interestingly, the amino acid sequence of calseques-
trin shows no obvious nucleotide-binding motif and
it is also not clear whether calsequestrin interacts
directly with the Ca2-ATPase. On the other hand,
a very slight di¡erence of the remaining amount of
the intrinsic 53 kDa glycoprotein was observed in SR
membrane pellet after washing with nucleotide-con-
taining and nucleotide-free bu¡er (Fig. 3). The 53
kDa glycoprotein, which is also a lumenal protein
of SR and contains two potential glycosylation sites,
is an alternative splicing product of the gene for the
160 kDa glycoprotein [16,18]. Although the function
of the 53 kDa glycoprotein is not clear yet, a recent
report suggests that it is not required to couple ATP
hydrolysis to Ca2 transport. Thus, despite its ATP
binding capability, it is unlikely that the 53 kDa
glycoprotein is involved in Ca2 uptake [19]. In our
electron cryo-microscopic images, no signi¢cant den-
sity could be assigned to 42 kDa calsequestrin and/or
the intrinsic 53 kDa glycoprotein molecules in SR
membrane with either the ATP-containing or ATP-
free washing bu¡ers. In contrast, the 45 kDa cyto-
plasmic domain of the Ca2-ATPase could clearly be
seen after SR membrane washing with ATP (Fig.
1B).
The in£uence of washing bu¡er and crystallization
bu¡er on the formation of Ca2-ATPase crystals,
and the behavior of calsequestrin are summarized
in Table 1. Besides the direct method, the Ca2-ATP-
ase could be induced only to form crystals by vana-
Fig. 3. Silver stained 10% SDS-PAGE. Lane 1 shows crude SR
membranes. Lane 2 shows the supernatant and lane 3 the pellet
after washing of the membranes with ATP-containing bu¡er;
lanes 4 and 5 show the supernatant and pellet after washing
with nucleotide-free bu¡er. The arrow indicates the Ca2-ATP-
ase band, the closed and open arrowheads indicate the bands
of calsequestrin and the 53 kDa glycoprotein, respectively. Lane
M, molecular size markers, molecular weights noted on the left.
The short lines on the top and at the bottom indicate the run-
ning origin and the dye front.
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date after the washing with nucleotides. The resulting
tubular crystals were straight and uniform rather
than skewed or folded (Fig. 1A). Hydrolysis of nu-
cleotides was not required for crystal formation as
non-hydrolyzable ATP analogues yielded similar re-
sults to ATP (Fig. 2a,b). The yield of crystalline
areas and the homogeneity of the crystals were con-
sistent with the speci¢city of Ca2-ATPase for the
nucleotides (ATPsGTP, CTPsUTP) [20,21]. The
shape of the SR vesicles also depended on the nu-
cleotide added to the washing bu¡er (Figs. 2 and
1B). Nucleotides in the washing bu¡er may directly
bind to the Ca2-ATPase stabilizing its conformation
and protecting from denaturation during the washing
of the SR membrane. Nucleotides may also induce a
conformational change of the cytoplasmic domain of
the Ca2-ATPase. Such a nucleotide binding itself
and/or conformational change could in some way
stabilize the Ca2-ATPase and allow calsequestrin
to remain in SR membranes including the Ca2-
ATPase. The release of calsequestrin from the
vesicles can be attributed to deformation of the lu-
menal domain of the Ca2-ATPase. Therefore, the
retention of calsequestrin might be an indication of
structural preservation of the lumenal domain of the
Ca2-ATPase. The 53 kDa glycoprotein might not be
related to structural preservation of Ca2-ATPase
while calsequestrin might be.
In conclusion, we have established a very reprodu-
cible in situ crystallization procedure for Ca2-ATP-
ase within the SR membranes. The formation of
crystals was found to be critically dependent on a
pre-wash of the SR membranes with nucleotide-con-
taining bu¡er. The resulting tubular crystals are suit-
able for further electron crystallographic studies of
the Ca2-ATPase.
We are grateful to Dr. Kenji Iwasaki for making
holey carbon grids. We also thank Dr. Thomas Walz
Table 1
Summary of bu¡er conditions, yield of tubular crystals and retention of calsequestrin
Washing bu¡era Crystallization bu¡erb Yield of tubular crystalsc Retention of calsequestrind
Nucleotides Triton X-100 Na3VO4 ATP
ATP + + 3 + +
3 + + 3 3 3
ATP 3 + 3 + +
3 3 + 3 3 3
xe xe + + + +
xe xe + 3 + +
xe xe 3 + 3 +
xe xe 3 3 3 +
ATP analoguesf + + 3 + +
ADP + + 3 + +
AMP + + 3 + +
Adenosine + + 3 3 +
GTP + + 3 þ +
CTP + + 3 þ +
UTP + + 3 3 +
After SR membranes (2.5 mg total membrane protein) were washed with 25 ml washing bu¡er, they were incubated with 2.5 ml crys-
tallization bu¡er inducing the formation of tubular Ca2-ATPase crystals. Samples were checked by negative stain electron microscopy
and analyzed by silver stained 10% SDS gels.
a2 mM of the indicated nucleotides were added to the washing bu¡er. + and 3 indicate the presence or absence of 0.01% (w/v) Triton
X-100 in the washing bu¡er.
b+ and 3 indicate the presence or absence of 5 mM Na3VO4 and 2 mM ATP in the crystallization bu¡er.
c+ and 3 indicate whether crystals were found by negative stain electron microscopy or not ( þ , no tubular crystals but crystalline ar-
rays in vesicles).
d+ and 3 indicate whether calsequestrin remained bound to the SR membranes or not.
ex indicates that the washing step was omitted.
f One of AMP-PNP, AMP-PCP and ATPQS was examined.
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for critical reading, Drs. Tomoko Doi and Yoshika-
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ported by the Japan Society for the Promotion of
Science (JSPS-RFTF96L00502).
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